As open MR-scanner offer enough space for the surgeon and the patient, interventions can be performed there. Injecting bone cement needs its direct visualization. On the purpose of establishing bone defect filling procedures, like vertebro-, kyphoplasty, and cancer surgery in the MRI, we developed an MRI-cement consisting of usual PMMA, contrast agent (CA), and saline solution, or PMMA, CA, and hydroxyapatite bone substitute (HA). This signal inducing cement was applied on a spine phantom to establish surgery in the open MRI.
The goal of this study was to evaluate MRI guided interventions on a spine phantom using an MRI-signal producing cement. Methods We mixed a conventional PMMA-cement, consisting of 12 g PMMA and 5 ml methylmethacrylate (BonOs, aap Biomaterials, Germany), with 3 ml saline solution 0.9% and gadoterate meglumine (22.5 ll Dotarem, Lab. Guerbet, France) as CA. Alternatively we mixed the PMMA with 3 ml HA (Ostim, aap Biomaterials) bone substitute and 12 ll gadoterate meglumine. We injected these cement compounds into cadaveric vertebral bodies (n = 20, of four lumbar spines). Ten vertebral bodies were filled with PMMA-CA-NaCl compound, and ten with PMMA-CA-HA. A defect was created in the vertebral bodies by introducing a kyphon balloon (Kyphon, USA) from anteriorly before testing, to simulate kyphoplasty or osseus cancer defect filling. The complete spines were embedded in a box filled with agar (Wirogel, Bego, Germany) positioned with the spinous processes upwards.
The boxes were placed in a 1.0 Tesla open Panorama MRI System (Philips Medical Systems, The Netherlands). A surface coil (Multipurpose L) was placed dorsally of the spinous processes.
We injected the cement through MR compatible needles (Somatex Medical Technologies, Germany) transpedicularly. The cement was injected from a 5 ml syringe. This application was performed under MR guidance using a fast pulse sequence. The pulse sequence was a fast T1 W TSE (TR/TE/a: 100/5/110°, slice thickness 5 mm) with an image repetition rate of one picture per 2.6 s. We used a tilt-function for changing the slice orientation during application. For post-treatment diagnostics we used a T1 W TSE (TR 400 ms, TE 10 ms, a 90°, slice thickness 4 mm) pulse sequence. We measured the contrast-tonoise ratio of bone and cement to evaluate the cement identification.
Results
The transpedicular MRI guided punction of the vertebral bodies was practicable; the needle and the pedicle could be identified sufficiently.
Injection with the used syringes could be performed manually, without using an applicator system. The CNR to bone was 6.3 (SD 2.3) in a fast T1 W TSE and 15.5 (SD 4.9) in a T1 W TSE for the PMMA-NaCl-CA-cement. For the PMMA-HA-CA-cement, the CNR was 8.7 (SD 2.8) in a fast T1 W TSE and 19.5 (SD 6.4) in a T1 W TSE. A CNR greater than four guarantees a clear differentiation from the surrounding structures.
The cement compounds could be clearly identified in both sequences, the interventional fast pulse sequence and the standard pulse sequence.
Positioning of the surgeon is troublesome but feasible.
Conclusion
Vertebroplasty on a phantom model is achievable under MRI guidance. The signal inducing bone cement can be visualized in the MRI and fast pulse sequences provide a precise vertebroplasty. The cements contrast makes postoperative identification possible.
However, shorter repetition rates with better resolution are needed to perform surgery in the MRI, and more space for the surgeon is required. Cements long term visibility and biomechanical properties need to be evaluated.
Enhancing pedicle screw placement with pre-surgical imagebased planning and patient-specific 3D anatomic models K. Augustine Mayo Clinic, Dept. of Radiology, Rochester, USA Keywords Spine Surgery Á Surgery Planning Á Orthopedic Procedure Á 3D Modelling Á Rapid Prototyping Purpose Complicated spinal correction procedures are difficult to plan using traditional methods. 2D review of axial CT or MR images is often inadequate; multi-planar reconstructed (MPR) images offer only minor improvement due to the complex three-dimensional anatomy of the spinal column. Some published evidence suggests that pre-surgical planning of pedicle screw placement using full 3D visualization/ modeling tools may be superior. It is unclear if the pre-surgical planning data is optimally utilized during surgery. One method to improve the transfer of knowledge from the plan to the procedure is through patient-specific 3D anatomic models. A pilot study was conducted to test the idea of pre-surgical planning and guidance using patient-specific image data and 3D physical models using a commercial rapid prototyping system. Method The pre-surgical planning and printing process utilizes a high-resolution CT scan acquired with standard imaging protocols. The inplane resolution of the data is 0.75 mm with a slice thickness of 0.75 mm. A bone window algorithm is used for reconstruction. The pre-operative scan is imported into spine surgery planning software, described below, and the surgeon virtually places the pedicle screws into the 3D image data. The resulting surgical plan and image dataset are used to generate an appropriate anatomic model for 3D printing. The final pre-surgical plan and 3D patient-specific model are used in the operating room during the procedure. Spine surgery planning: The surgery planning software, developed at Mayo, runs on a standard desktop computer. The software can import data either from the file system or through an institutional PACS. During the planning process, the orthopedic surgeon and/or radiologist identify and reformat individual vertebrae of interest using an interactive MPR tool. Following reformatting, 3D pedicle screw templates are placed into the image data and displayed using either MPR views or 3D renderings. A screw template library is based on vendor descriptions of screw geometries. Currently, several standard products are represented in the library. Following the placement of each of the pedicle screws, a final report is generated which includes a list of all of the required screws along with insertion positions and angles. 2D images and 3D renderings are included for guidance and assessment. Physical model printing: The insertion plan and original CT data are imported into Analyze for additional processing prior to 3D model printing. Each vertebra of the spine is segmented using a combination of thresholding and minimal manual tracing. Following the detailed segmentation, the pedicle insertion plan is used to make representative voids in the data which correspond to the screw locations. The virtual model is tiled into a surface using an adaptive deformation algorithm and exported as a stereolithography file. The STL file is printed using a ZCorp Spectrum Z510 printer. This printer can generate large-volume, full color models.
The pre-surgical plan and 3D patient-specific model are used in the procedure room to provide real-time visualization and quantitative guidance for accurate pedicle screw placement.
Results
The time from planning to procedure requires several hours of effort and can be completed 1-2 days prior to the procedure. Following acquisition and data importing into the surgery planning module, the planning task requires 30-60 min of effort, depending on the complexity of the case. Additional processing to build the surface model requires 1-2 h. While the 3D printing process may require up to 24 h to complete, this work is mostly automated. Some minor postprocessing is required.
In order to evaluate the method, a pilot study was jointly conducted by the Departments of Radiology, Orthopedics and the Biomedical Imaging Resource. Three pediatric spine cases were identified by an orthopedic surgeon based on the complexity of the case and need to conduct pre-surgical planning. The first was a case involving a 4-year-old male with progressive, multilevel congenital scoliosis associated with VATER syndrome and neurofibromatosis. 3D templating confirmed that the thoracolumbar pedicles could safely accommodate 3.5 and 4.0 diameter screws, but the cervicothoracic vertebrae would not safely accommodate standard implants. The second case also involved a 4-year-old boy with a partially segmented hemivertebrae at the thoracolumbar junction treated with hemivertebrae excision and instrumented fusion. The final case was an 11-year-old male with neglected idiopathic scoliosis measuring 100°resulting in marked distortion of vertebral anatomy that was successfully treated with a thoracic and lumbar pedicle screw construct. Figure 1 shows the pre-op thick MIP CT (upper-left) of the 11-year-old patient, a rendering of the 3D templating results developed with the spine surgery planning tools (upper-right), the physical model printed from the plan (lower-left), and the inter-op and post-op radiographs (lower-right). In each case, the 3D physical models and the pre-surgical plan were used intra-operatively, showing the starting points and trajectory for each pedicle screw. Post-operative assessment by the surgeon confirmed success in all three cases. Conclusions Accurate 3D pre-surgical planning for complex pedicle screw placement in spine surgery can be achieved using pre-acquired high resolution volumetric images. The pre-surgical plan is enhanced using a 3D anatomic model printed on rapid prototyping systems. Together, the 3D pre-surgical plan and patient-specific physical model are a useful inter-operative guidance tool.
Pre-op thick MIP CT (upper-left) of the 11-year-old patient, a rendering of the 3D templating results developed with the spine surgery planning tools (upper-right), the physical model printed from the plan (lower-left), and the inter-op and post-op radiographs (lowerright).
Navigational high-resolution 3D ultrasound in spine tumour surgery-technical assessment T. Selbekk In spine surgery navigation technology is currently an option for positioning of pedicle screws. Navigation may be performed on preoperative images or peroperative X-ray images. However these standard navigation solutions are not adapted or suitable for use in surgery of intraspinal tumours. Real-time 2D ultrasound can be used for imaging of the spinal cord after laminectomy, but practical issues and image quality may limit the clinical use. The integration of 2D ultrasound imaging and navigation technology enables acquisition of freehand 3D ultrasound. Thus navigation based on intraoperative ultrasound volumes can be performed directly without any image registration procedure. This approach has been previously reported in surgery of spinal tumours and syrinx using a commercial system with phased array ultrasound probes [1, 2] . We describe the significant improved image quality obtained using a high end 12 MHz flat linear array, and explore the clinical feasibility of navigation based on intraoperative acquisition of 3D ultrasound volumes using the high end ultrasound transducer and in-house developed navigation software.
Method
The technical system consists of a ceiling-mounted optical tracking camera (NDI, Waterloo, Canada), a Vivid 7 ultrasound scanner with a 12 MHz flat linear transducer (GE Vingmed, Horten, Norway) equipped with an optical tracking frame and a Macbook computer (Apple, Cupertino, USA) with in-house developed navigation software. The ultrasound images were grabbed and transferred to the navigation computer through the S-VHS output of the scanner. The acquisition of freehand 3D ultrasound volumes using this setup has since March 2008 been performed in seven operations of spinal tumours at St. Olav University Hospital. The patients had a standard laminectomy performed, and the operation cavity was filled with saline prior to ultrasound imaging. The patient reference frame was either attached to the spinous process or simply fixed to the back of the patient, and the tracked ultrasound probe was tilted or translated over the region of interest to acquire the 3D ultrasound volumes.
Results
The real-time 2D ultrasound provided high-resolution images of the spinal cord and intraspinal tumour, with image quality superior to the preoperative MR images (Fig. 1) . Typically 200-300 ultrasound images were assembled in an image volume, and voxel sizes down to 0.1 mm was feasible in the 3D reconstruction. Fixation of the navigation reference frame to the patient itself reduced image artefacts caused by respiration movements of the spinal cord. Volume rendering of the US data enabled visualization of the dural tube, medulla, nerves, tumour (Fig. 2 ) and blood vessels imaged using ultrasound Power Doppler mode. Using the navigation pointer to localize the tumour, reformatted 2D image slices of the ultrasound volume were displayed for fastest and easiest interpretation of the data. Philips GmbH, Healthcare, Hamburg, Germany Keywords Interventional MRI Á PRF-thermometry Á PLDD Purpose Minimally invasive laser therapy of the spine can be monitored under MR-guidance very well. The optimal echo time (TE) of temperature sensitive gradient echo (GRE) sequences for proton resonance frequency (PRF) thermometry ideally equals T2* [1] . A long echo time however causes massive artefacts in musculoskeletal structures, due to increased spin dephasing. In this study a maximum tolerable TE for thermometric monitoring shall be evaluated, which permits anatomic differentiation of surrounding tissue and needle, as well as sufficient depiction of heat-induced image changes. Methods All experiments were conducted in an open high-field MRI at 1.0 (Panorama; Philips Medical Systems, Best, Netherlands). The T2* relaxation times of several control subjects were measured using a multiecho GRE protocol with six echoes [TR(ms)/TE(ms)=20/2,1-18,5]. MR-compatible biopsy needles (Pencil Tip, Somatex, Berlin, Germany) were visualized with temperature sensitive GRE sequences (ACQ matrix/REC voxel size (mm)/FA=152 2 /1,99/27) and variable echo times (TR(ms)/TE(ms)=5,6/2,9-37/21) in cadaveric lumbar spines. The needles were evaluated according to their application in percutaneous laser disk decompression (PLDD) [2] in two sizes (16G, 18G). At a typical intervention angle of 45°to B 0 (Fig. 1) , elongation tip error and width of the needle artefact were measured, as well as signal to noise ratio (S/N) within the lumbar disc. The maximum tolerable artefact was established to be 5 mm [3] . Results T2* relaxation times vary in relation to the peoples health and age. We measured T2* values in the range of 30-60 ms. With a continuous increase of TE, needle artefacts grow in width almost linearly (Fig. 2) . The 5 mm artefact limit at the needle tip is reached with the 16G needle at a TE of 15 ms. The 18G needle reaches this limit at a TE of 10 ms. The S/N of this image series exhibits a maximum at a TE of 15 ms. Conclusion Generally, the puncture needle is retracted about 5 mm [4] before laser therapy is begun. Hence, the maximum tolerable increase of the artefact at the needle tip is 5 mm, to ensure the possibility of thermometric monitoring of the laser induced lesion. The increasing area of signal extinction, caused by dephasing within the voxel, however limits the use of echo times greater than 15 ms. Moreover, the precision of PRF-thermometry is dependent on SNR [1] . This in vitro study shows that short echo times up to 7 ms have S/N values of more than 70%. To ensure precise PRF-thermometry during laser interventions, the needle artefact may not obscure the therapeutic region of interest. At echo times between 7 and 15 ms the tip artefact is smaller than 5 mm and the S/N is greater than 70%. Detailed assessment of the accuracy of PRF-thermometry has to be investigated further. University of Leipzig, Department for Traumatology, Plastic and Reconstructive Surgery, Spine centre, Leipzig, Germany Keywords Navigation Á 3D-imaging Á Spine surgery Á Posterior Instrumentation Á Cervical and thoracic spine Purpose In recent years, navigated surgical procedures in spinal surgery have been established due to an increasing demand for precision. Especially 3D-C-arms connected with navigation systems are being used more often and can be utilized intraoperatively for planning as well as controlling of screw positions. Following our good experiences with CT-based navigation, this study analyses the experiences with 3D-based navigation in the posterior cervical and high thoracic spine after one year of use. Methods A 3D-C-Arm (Vision Vario 3D, Ziehm) was connected with a navigation system (Vector vision, Brainlab) and since 10/2007 used for the placement of overall 350 Screws at 51 Patients. Of those 9 Patients had to undergo operations in the posterior cervical spine, of 53 screws Judet-(n = 8), Massa lateralis-(n = 27) and pedicle-screws (n = 18) were placed. Indications for instrumentation were traumatic fractures (n = 3), spondylodiscites (n = 1), multiple metastases with high-grade instability (n = 4), and degenerative rheumatic stenosis of the spinal canal (n = 1). Concerning the high thoracic spine (T1-10) 42 interventions were made with the method, 297 pedicle-screws were implanted. Indications in this area were traumatic fractures (n = 24), metastases (n = 14) and spondylodiscites (n = 4). Results Scan-time intraoperatively took 60 s on average, data-transfer to the navigation-system another 10 s. Application-time including anti-collision-check needs approx. 6 min [5, 18] . In total 260/350 (74%) screws could be inserted assisted with navigation, 194/350 (55%) were controlled intraoperatively. Regarding the cervical spine in 44/ 53 (89%) of the screws the navigation procedure was uneventful. In one case, the planning-scan of the upper thoracic spine could not be utilized due to artifacts caused by bilateral shoulder-prostheses. Positioning of 37/53 (70%) of the screws was checked immediately postoperatively. In the upper thoracic spine 216/297 (73%) could be placed with navigation, 157/297 (53%) were controlled intraoperatively. Occasionally, scan-setup was problematic, especially in regard to identification of the C-arm by the camera of the navigation-system as well performance of the collision-free scans. In addition, we experienced technical problems (placement of reference base, unevenness of the OR-floor linked with stability problems of the C-arm). Correct placement was seen for each screw, thus correlating well with the intraoperative findings.
Conclusion
The application of the combination of intraoperative 3D-imaging and navigation for posterior instrumentation of the cervical and the upper thoracic spine is technically feasible and reliable in clinical use. Userand software-dependant sources of error could be solved during the first course of the series. In regard to time for operation, there is some prolongation, at the beginning of the study mostly caused by an initial learning curve. In case of an error free use of the C-arm, a scan can be accomplished within 6 min. Image-quality at the cervical spine is depending on individual bone density, and possible metal artifacts. With undisturbed visibility of the vertebral body, the reliability of 3D-based navigation at the cervical spine is comparable to that of CT-based procedures. Additionally, it has the advantage of skipping preoperative acquisition of data as well as the matching-process. Furthermore, exposure to radiation is reduced due to the possibility of sparing pre-and postoperative CT. Because of that, costs are being decreased.
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